Compared with classical matrix-assisted laser-desorption ionization mass spectrometry (MALDI), the matrix free-based strategies generate a cleaner background, without significant noise or interference coming from an applied matrix, which is beneficial for the analysis of small molecules, such as drugs of abuse. In this work, we probed the detection efficiency of methamphetamine, heroin and cocaine in nanostructure-assisted laser desorption-ionization (NALDI) and desorption electrospray ionization and compared the sensitivity of these two matrix-free tools with a standard MALDI mass spectrometry experiment. In a typical mass spectrometry imaging (MSI) setup, papillary line latent fingerprints were recorded as a mixture a common skin fatty acid or interfering cosmetics with a drug. In a separate experiment, all drugs (1 mL of 1 mM standard solution) were detected by all three ionization techniques on a target. In the case of cocaine and heroin, NALDI mass spectrometry was the most sensitive and revealed signals even from 0.1 mM solution. The drug/drug contaminant (fatty acid or cosmetics) MSI approach could be used by law enforcement personnel to confirm drug abusers of having come into contact with the suspected drug by use of fingerprint scans at time of apprehension which can aid in reducing the work of lab officials.
Introduction
Matrix-assisted laser desorption ionization mass spectrometry imaging (MALDI-MSI) has been recognized as an excellent analytical technique allowing for mapping of a wide range of organic molecules, such as peptides, proteins, nucleic acids and lipids. Among many bio-relevant applications, it has found its applications in the forensic sciences like latent fingerprint analysis. [1] [2] [3] [4] [5] As drug possession and manufacturing arrests continue to skyrocket within industrialized countries, law enforcement agencies need access to an efficient and accurate method of accessing guilt to aid in the backlog many agencies are facing in the judicial system.
The detection of smaller organic ions with molecular weights below 700 Da using MALDI-MSI could be challenging due to high chemical noise and possible overlap of matrix adducts with analyte ions. Therefore, matrix-free desorption electrospray ionization (DESI) and surface-assisted laser desorption ionization (SALDI) 6 approaches have become more popular in forensics science. Several publications appeared, comparing mass spectrometry approaches with other techniques used in fingerprint analysis research. [7] [8] [9] [10] [11] [12] [13] [14] One of the most promising approaches among them seems to be the use of nanoparticles 15 like gold, 16 silver, 17, 18 or silicon 19 which can be compatible with the optical imaging techniques. 20 The use of silicon nanowires, 21 which was also commercialized as nanostructure-assisted laser desorption ionization (NALDI) technique, has become popular in the analysis of small organic molecules.
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In this work, we present NALDI imaging in visualizing the latent fingerprints including the possibility of direct detection of illicit drugs during one image analysis. The results from NALDI imaging were compared with the MALDI and DESI-MSI, and the specific contribution of all techniques is discussed.
Experimental section

Materials
The mixture of methamphetamine (C 10 
Instrumentation
High mass resolution MSI MALDI and NALDI mass spectra were acquired in triplicates using a 12T SolariX Fourier transform ion cyclotron resonance (FTICR) mass spectrometer (Bruker Daltonics, Billerica, USA). The mass spectrometer was operated in positive ion mode over a mass range of m/z 100-500 Da with the activation of CASI TM (continuous accumulation of selected ions) function and a resolution of 32,000 at m/z 400. Two hundred laser shots (1 kHz via Bruker proprietary Smartbeam-II TM MALDI source) were automatically acquired for each pixel; with the laser spot-to-spot distance of 75 mm, the laser focus was set to ''small'' (approx. 50 mm). The laser beam attenuation was adjusted at 18% or 20% for NALDI or MALDI experiments, respectively. More specific details on NALDI approach can be found in literature. 22 The acquired data were processed by FlexImaging 4.1 and DataAnalysis 4.4 software (Bruker Daltonics) without any data normalization. Detected ions were searched against in-house Cyclobranch software (http://ms.biomed.cas.cz/cyclobranch) 25 and SciFinder databases (http://www.cas. org/products/scifinder).
DESI MSI data were acquired in triplicates with SYNAPT G2-Si (Waters) instrument and DESI 2D (Prosolia) ion source. The ion source was operated at 4 kV and mass spectra were collected in m/z 100-600 range at 2 Hz frequency. The DESI parameters were tuned with nitrogen sheath gas pressure 6 bars, incident angle 55
, tip-to-surface distance 2 mm, tip-to-inlet distance 10 mm and surface scattering angle ca. 15 . Methanol:water (9:1, v/v) mixture was sprayed at a flow rate of 1.5 mL/min. The surface was scanned at constant rate of 400 mm/min while collecting one mass spectrum every 0.5 s. Data were analyzed by HDI Imaging 1.4 software (Waters, UK).
Fingerprint preparation
For a semi-quantitative experiment, the mixture (1 mL) of methamphetamine, cocaine and heroin in acetonitrile was spotted on a MALDI ITO glass slide, NALDI plate and DESI glass slide in four different concentrations (100, 10, 1 and 0.1 mM -calculated for cocaine), dried on air and covered with CHCA matrix (MALDI experiment only).
Results and discussion
NALDI imaging
The collected NALDI mass spectra of human fingerprints were processed by our in-house Cyclobranch software, which was developed for organic compound dereplication from mass spectrometry datasets. 26 Because of the rich chemical composition, we have chosen to visualize three fatty-acid species on a finger of volunteer A (Figure 1 Even better quality images were obtained by visualizing the surfactants used in cosmetics on a finger of volunteer B (Figure 1(d) to (f) ). They were among the most abundant ions in the mass spectra due to high ionization efficiency coming from their tertiary amine structure. SciFinder database molecular formula search returned more possibilities, from which we chose the most commonly used surfactants based on their appearance in literature, i.e. cetyltrimethylammonium (m/z ¼ 284.3311), propanaminium (m/z ¼ 299.3048) and cetylpyridinium (m/z ¼ 304.2994) salts. 
þ forms of drugs are illustrated. For better image contrast, the upper absolute intensity value on the scale bar is displayed as 50% of the real absolute ion intensity.
Illicit drugs detection
In the next experiment, the illicit drugs were detected and visualized directly from fingerprints of both volunteers, and performances of MALDI and NALDI ionization techniques were compared (Figure 2) . The images were constructed from protonated oleic acid (yellow) together with the
þ ions of methamphetamine (red), cocaine (green) and heroin (blue). Both techniques showed the area of contact with the drug solution with decent intensity except of methamphetamine, which was not possible to visualize in NALDI due to the overlap with background ions coming from the plate. On the other hand, the topological information was better laterally resolved in case of matrix-free environment, well visible especially with volunteer B. This observation accentuated the main advantage of NALDI compared to MALDI imaging data, where skin pores and ridges could not routinely be detected due to matrix effects. Moreover, from the intensity bars, we can conclude that both methods provide similar dynamic range for cocaine and heroin. Having the MALDI/NALDI topological information well resolved represents a prerequisite for successful comparison of the latent fingerprint (found e.g. in a crime scene) with images in a database of suspects.
The mutual evaluation of detection limits in mass spectrometry imaging was more challenging due to the fact that mass spectra had to be collected by two mass spectrometers. It is worth noting that the evaporation process during the sample spot preparation did also have an effect on absolute ion intensities. However, we were able to compare the limits of detection at least in their semi-quantitative manner (Figure 3) . The mixtures of methamphetamine, cocaine, and heroin were spotted onto MALDI, NALDI and DESI plate from micro to nanomolar concentrations. The results showed similar performance when comparing MALDI and DESI with the limit of detection close to 1 mM concentration for all three drugs. In the NALDI technique, methamphetamine could not be detected for the same reason as mentioned previously. However, cocaine and heroin have similar of better limits of detection.
Conclusion
It has been shown that high resolution FTICR mass spectrometry imaging with matrix-free NALDI technique may provide very precise topological chemical information of latent fingerprints. We may speculate that if a fingerprint with an illicit drug of a suspect is recorded, then a person in question could not claim that the drug was inserted into, e.g. his luggage by a third party.
The mutual comparison of NALDI with DESI and MALDI approaches indicated the decreasing sensitivity in the order NALDI > MALDI > DESI. We conclude that matrix-free ionization techniques could be a more promising approach for future applications in forensic sciences than MALDI, but surfaces with even less background noise have to be designed.
